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The present ioveotion relates to ^ficient or^ganic emitting devices {OLEDs) doped 
wkh nniltiple B^-esnittijig dopants, feast c»ie dopant comfmsii^ a phosphorescent emitter, 
1 a ia a thin fSm emissfve layer or layo^s. One object of the invention is to fabricate ineTcpensive, 

white-light-eniitting organic Iig|it enutting de^ices. Another object of the ravcntion is to tune the 
color of inoDodiioine displays. 

BACKGROUNP OF THE INVENTION 

1 5 Organic light emitting devices (OLEDs), which utiJize thin film oiaterials that emit tight 

when excited by ^octric current, are expected to become an increasingly popular form of flat 
panel disphy technology. Thb is because OIJS>s have a wide variety of poteodal 
applications, including ceil phones, personal digital assbtants (PDAs), coooputer displays, 
iaformational displays in vehicles, television monitors, as well as light sources for general 

30 illumination. Due to their bright colors, wide viewing angle, compatibility with full motion video, 
broad temperMure ranges, thin and conformabfe form &ctor, low power requimnents and the 
potential for low cost immifiicturiiig processes, OLEDs are seen as a ilitiire re|riacemenl 
technology for cathode ray tubes (CRTs) and fiquid oystal displays (LCDs), which currently 
dominate the growing $40 billion annual electronic display market rXie to their high kmunous 

25 efficiencies, etectropbosphorescent OLEDs are seen as having the potential to r^bce 
iocandesceiit, and poh^ even fluorescent lamps for certaia types of applications. 

Light emission iiom OLEDs is typically via fhiorescetice or phosphorescence. As used 
herein, the t«in "phosphorescence" refers to emission from a triple excited state of an organic 
3c moiecute and the term "fhioresceace" refeis to emissicm from a singlet excited state of an 
organic molecule. 
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Successful utiUzatioa of phospborescence holds enoniious promise for orgaoic 
electrohuninesceat devices. For exampJe. an advantage of phosphorescence is that all exdtODS 
(fonned by Uie recombinatioa of boles and electrons in an EL), which are formed either as a 
singlet or triplet excited state, may partjc4)ate in luminesceoce. This is because the lowest 
s singlet excited state of an organic molecule is typicaJly at a slightly higher energy than the lowest 
triplet excited state. This means that, for typical phosphorescent orgaoometallic compounds, 
the lowest singlet excited state may rapidly decay to die lowest triplet excited state fix>ni which 
the phosphorescence is produced, in contrut, only a small percei^age (aboxu 25%) of 
excitons in fhiorescent devices are capable of producing the fluorescein hnniMscence tihat is 

10 obtained fix-m a sii^et excited state. The remaining excitons in a fhioresceot device, which are 
produced in the lowest triplet excited state of an organic molecule, are typically not capable of 
beii% converted into the cauagetically uo&voi^Ue hiigher siuglet excited states from wfaidi the 
fluorescoice is produced. TMs energy, thus, becomes lost to decay processes that heat-up the 
device rather than emit visible light. As a consequence, since Ac discovcxy that 

15 phosphorescent materials can be used as the emissive material in highly efficient OLEDs* there 
is now much interest in finding still more efficient electrophosphorescent materials and OLED 
structures containing sudi materials. 

White organic light-emitting devices (WOUEDs) are of interest because they offer low- 
20 cost ahematxves for backlights in flat-pauel displays, and may eventually find use in room or 

area lighting. There have been several methods for obtaining whhe light finm organic materials. 
[R. S. I>eshpande; V. Bulovic and S. R. Foirvst, AppL PI13S. Lett 75, 888 (1999); F. Hide; 
P. Kozodoy, S. P. DenBaats and A. J. Heeger. Appl Phys. Lett 70, 2664 (1997); and J. 
Kido, H. Shionoya and K. Nagai, Appl. Phys Utt 67, 2281 (1995)]. AO of these rely on the 
2S use of a combination of several emitting materials because individual organic noolecules do not 
span typically the entire visible spectrum from 380nin to 780nm. As de&ed by the 
Commission Internationale d'Eclairage (CIEX an ideal white light source has coordinates of 
(0.33, 0.33). Additionally, the Color Rendermg Index (CRI) of a white light source is a 
measure of the color shift that an object undergoes when iOumuiated by the light source as 
3 o compared whb the color of the same olqect v4im illurainated by a referoice source of 

comparable color t^nperature. TbevahiesofCRIraqgefromOto 100, imth lOOrcprcsentii^ 
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no shift in color. Whke fight sources are i^erwM»d to daylight, wrth fluorescent Iw 
having ratings between 60 and 90, mercury lamps near 50, and high pressure sodium lamps 
can have a CRl of 20. Typical luminom power efficiencies for white light sources are 15 ImAV 
for an iocandescon light buR> and about 30 Un/W for a fluorescent lamp, out hKludiog system 
5 losses. 



Over the last decade, the power (n^ and external quantum efficiencies of white 
OUBDs have been steadily impiovjiig. Electrophosphorescem OLEDs have been shown to 
have very fangh rua yfbea used m single emissive hycr devices. [C. Adacht, M A. BaMo, M. E. 
10 Thompson, R. C. Kwong, M. E. Thompson and S. R. Forrest, Appl. Phys. Lett 78, 1622 
(2001); C. Adachi, M. A. Baldo, S. R. Forrest and M. E. Thompson. Appl. Phys. Lett 77, 
904 (20()0), M. A. Baldo, S. Lamansky, P. E. Burrows, M E. Thompson and S. R. Forrest, 
AppL Pbys. Lett. 75, 4 (1999); and M. A. Baldo, D. F. O'Brien, Y. You, A. Shoustikov, S. 
Sibley. M E. Thompson and S. R. Foirest. 395, 151 (1998)]. 

15 

High eflRciency organic light emitting devices (OLEDs) using the phosphorescent 
dopant,7&c tri5(2-phenylpyndine)indium (rr(ppy)j), have been demonstrated xising several 
different conducting host materials. M. A. Baldo et al.. Nature, voL 39S, 151 (1998); D. F. 
O'Brien et al., AppL Phys Lett , vol 74, 442 (1999); M A Baldo ct al . Appl. Phys Lett., 

2a vol. 75, 4 (1999); T Tsutsui et al, Japanese. J. Appl Phys., Part 2, vol. 38, LI 502 (1999); 
C. Adachi et al., Appl Phys. Lett., vol. 77. 904 (2000); M. J. Yang et al., Japanese J. Appl. 
Phys., Part 2, voL 39, L828 (2000); and C. L. Lee et aL. AppL Phys. Lett., vol. 77, 22S0 
(2000) Since the triplet level of the metal-ligand charge transfer state of the green-emittiiig 
Ir(ppy)3 is between 2.5 eV and 3.0 eV, deep bhie Ouoruphores with a peak waveleogtb at 

25 about 4C0 run, such as 4,4'-M^ -dicarbazole-bipbenyl (CBP), are likely candidates as triplet 
energy d^sfer and exciton confining media. Using 6% to 10%-Ir(ppy)3 in CBP leads to 
elBScient Ii<ppy>i phosphorescence. Di addition to the eneigetic resonance betweoi die dopant 
and the host, the control of charge carrier iiqectbn and transport in the host layers is believed 
to be accessary for achieving efficient formation of radiative excitons. Ifigh 

30 electrophnsphoresceoce efficiency has been achieved using Ir(ppy^ doped into CBP ak>ng 
wnh a 2,9-dimethyl-4,7-diphenyl- phenanthroline (BCP) electron Uanspoft and exciton 
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bloduqg layer. M. A. Baldo etal., AppL Phys. Lett., voL 75, 4 (1999). In that device, tbe 
doped CBP 1»ya was found to readily transport holes. 

ElectropbosphoresoCTt OL£Ds are typically comprised of sevo^ layen so as to 
s achieve the desired combination of OLED perfonnancc characteristics. For example, high 
efficiencies in organic light emitting devices (OLEDs) may be obtained by differentiating the 
diaige transport and huninesceot functions between a host and guest material A suitable host 
material may act as a good transporter of chaige; as well as efficiently transfeiring energy to a 
highly himinescent guest. In fhwresceiit devices, light may be obtained frora siiiglet ejccitons 
10 ibrmed on tlie host and rapidly transferred to the guest by Forster energy transfer Partly 

owing to this rapid energy transfer, singlet excitons do not diiliise significantly within the host 
before translerring to the guest motoiaL Thus. Of .HDs doped with fluorescent dyes may 
possess very thin emitting layeis. typically appioxiniately 5 nm thick. Taog et aL, J. AppL 
Phys , vol. 65 (1989) p. 3610. 

IS 

To obtain electroJuminescent emission iiom mcM^e thm one emissive material in a 
fluorescent device sioglet energy transfer may either be retarded, so that some excitons remain 
on the host material luriil they relax and enut light; or a muh^le-stage energy transfer process, 
mvolving several Ouorescrat dyes, may be onployed. Retarded eneigy transfer is typically an 
20 inefficient process and relies on emission from the host. Multiple-stage energy transfer is also 
possible; however, it may require v«y precise control over doping concentrations within the 
about-5-nm-thick luminescent r^bn. Deshpande et al., Appl. Phys. Lett Vol 75, No. 7, 
888-890 (1999). 

25 In spite of these difficulties in obtaining efficient electroluminescent emission from more 

than one emissive material, having a plurality of Ught-emitting dopants within the emissive i^ion 
of a single organic light emitting device would be very desirable, because tbe color and intensity 
of each of the emissive dopants could be tailored to produce a desired output color of light 
emission, including white light emission. It would be desirable if such devices could be tuned to 

3 D produce light of a desired cok>r usng highly efikient phosphoresc^t materials. 
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SUMMARY OF TffE INVKNTION 

The present invention is directed to an efficient phosphorescent organic liglit emitting 
device utilizing a phiraHty of emissive dopants in an emissive region, wherein at least one of the 
dopants i$ a phosphorescent noateriaL The host material of the emissive region may be 
comprised of a diarge-carryiqg mat«-ial that has a wide energy gap so as to inhibit energy 
transfer b^ween phospfaOTescent dopants. 

One object of the present invention is to provide a organic light emitting device 
comftfisii^ an onisshw region, wberein die emisHve region comprises a host material, and a 
phurabty of emissive dopants, wherein the emissive regioB is coaiprised of a plurality of bands 
and each emissive dopant is doped into a separate band within the emissive region, and 
wherein at least one of the emissive dopants emits by pbo^faoresceoce. 

Another object of the present inventioa is to provide a nsuki-emissivc bcyer 
electrophosphorescent OLED that can take advantage of the diffusion of triplet excttons to 
produce bright white devices with high power and quantum efficiencies. The device color can 
be tuned by varying the thickness and the dopant concentrations in each layer, or band, and by 
introducing exciton blockii^ laycra between onissive layers. 

Another object of the present invention is to produce white light emitting OLEDs that 
exhibit high external quanttun e£Bciency (r|««) and brightness compared to other white light 
emitting devices. For escample, wfaite-ligbt-emictii^ organic light emitting devices can be 
labricated that have CIE chramaticity coordinates of about (0.33, 0.33). The enussbo 
spectnun produced by the devices of the presem inveiition can be timed to suffidently span the 
vkible spactnim so as to appear substantially white, for example, a CIE x-coordinate of about 
0.30 to about 0.40 in combination with a CIE y-coordinate of about 0.30 to about 0.45. 
Preferably the CIE x,yK»ordinates are about (0.33, 0.33). Moreover, the devices of the 
present invoitnn are preferably capable of producing v/bite emission having a CIE 
(Commission Internationale de rEclairage) color rendering index (CRI) of at least about 70. 
More preferably, the CRI is higher than about 80. Ahematively, instead of seeking a very high 
CRI, the method might be used to produce a selected colored emission ha^g prescribed CIE 
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coordinates. 



Another object of the inventioo is to make use of the very long ditfiision lengths of 
triplet excitons that are responsible for phosphorescence to ftcUitate the emission from sevenl 
stacked emission layers, as compared to singlet excitoos that are responsible for fluorescence, 
which have a maximum difiKision length of less than about lOnm or so. The long difiusion 
length of triplet excitons permits phosphorescent enaission fiom a width as wide as sevoal 
stacked lOnm-thick layers aod up to a conibiDed thickness of more than 100 run. [M A. 
Baldo and S. R. Forrest, Phys. Rev. B <2. I095S (2000); and I Sokolik, Priestley, A. D. 
Walser, R. Dorsinville and C. W. Taog, Appt Pfays. Lett 69, 4168 (1996)] 



BRIEF PESCRimOW OF TflK nfiBRES 

For the purpose of ilhistrating Hbc invention, represoitative anbodiments are shown in 
the accompanying figures, it being understood that the invention is not intended to be limited to 
the precise arranscments and instcuroenlaJities :^wa 

Figgure 1 shows a schanatic representation of one onbodiment of an OL^ stnKture 
accordii^ to the present invention. 

Figure 2 shows the external quantum efiOciency and kunioaiice as a fimctioii the current 
density for one embodiment of the present invention. 

Figure 3 shows the electfohnninescence q>ectnun as a function of wavelength for one 
embodbment of the ioventioa. 



Figure 4 shows the current density as a fonctk>n of voka^ of one embodiment of the invention. 

Figure 5 shows a schematic representation of another cmbodknent of an OLED structure 
according to the present invention. 



Figure 6 shows a schematic rcf)resentatk>n of the mergy levels of another embodiment of an 
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OLED structure according to the present invention. 

Figure 7 shows (a) the electrohuninescence spectrum versus wavelengtli and (b) the quantum 
eSQciency and kuninance versus currmt density for three devices fabricated according the 
structure shown in Figure 6. 

Figure 8 shows (a) the quantum efficiency and luminance versus current density with and 
without it P£DOT;PSS Ia>'er on the ITO layer, and (b) the current density with and without a 
PEDOTPSS layer on the ITO hiyer, acrarding to the embodiment of the device stnictufe 
represented in ^ure 9. 

I^gure 9 shows a device stnicture for one embodinxat of the invention. 

I^gure 10 shows an eneigy level diagram for one embodiment of the invention, conqirisingan 
atl phosphor tripic-cmissivc region, white Ol^ED employmg Fbpic, Ir(ppy)^ and B^p^acac) 
doped into CBP. The exciton formation zone is at the NPD/CBP inter&ce, ami excilons are 
shown to diffiise toward (he exciton blocking BCP layer. 

Figure 1 1 shows the eJectiDluminescence spectra for the embodiment of the hnrentnn shown in 
Figure 9, and for another embodiment of the invention, having a similar device structure with 
the location of the FIrpic and li^py), doped regions interchanged. The main lr(ppy)3 peak at 
520-nm ii signijBcantly higher for the device with Ir(ppy)3 at the exciton formatk>n zone, which 
is at the NPD/CBP inter&ce. The peak at SOO~nm b due to liippyh and a sub-^ieak fiom 
FIrpic. Btp^IrCacac) peaks are at 620-imi and 675-nm. 

Figure 12 shows the power and e:^emal quantum efficiency versus current density for one 
embodiment of the invention, having CIE coordinates (0.3 1, 0.3 S) and a device structure as 
shown in Figure 9. The maximum external quantum effidnncy, np and tmninance are (4.0 :l: 
0.4) %, ( J. 3 ± 0.3) hn/W, and (36 000 i 4 000) cd/m*. respectively. 

Figure 13 shows the relathre efficiencies of devkes with A of CBP doped with Ir(ppy), 
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compared to a device with 300A of CBP doped with Mppy)j- The soKd fine is a chi-square fit 

of the pobiis to Equat k)o-(2^). A CBP triplet diffusion length of (83 * 1 0)A was obtained firum 
the fit. loset: Device structure used to probe the triplet cxciton coaceatratioa in CBP. 

Figure H shows the variation, at 10 niA/cm^ in the dectroluiniiiescence spectra mth laya 
thickness, copant conceotradon, and the inseftiDn of an exchoti/faole blocking layer betweoi 
the Flrpic and Btp2lr(acac) doped layers for the Device 3. 

Figure 15 stx>ws the dectrohimiaescent spectra of Devices 3 and 4 at 10 mA/cm^. Inset: 
Cuirent density v«sus voltage characteristics of Device 3 and 4. 

Figure 16 siiows the power and external qpiantum efficiency versus current density for Devices 
3 and 4. 

Figure 17 siows the dhemical stiuctures of ii^y)}, Flipic. BtzMacacX Btp^acac) 

DieTAa.Ei> DESCRIPTION OF THE PREFERRED EMBOPIMt.N IS 

The present invention will now be described in detail for specific preferred 
embodiments of the invention. These embodiniests are intended mify as iUostrative egounples 
and the invention is not to be limited thereto. 

The present invention provides a nmlti-enussive layer electtophospborescant OL£D 
that can take advantage of the difiunon of triplet excitcms to produce devkes with hig|i power 
and quantum efficiencies. The device color can be toned by varyuig the thickness and the 
dopant oon<xntratk>ns in each layer or band, and by imioducHig csccicon bk>cking laycra 
between eoiissive layers. 

Phosphorescent light emission is obtained fiom triplet excitons, ^^ich typicafly have 
long diCKisiiin lengths, often greater than 140 nm. Theoretically, several phosphorescent 
emitters doped in a host material can genctrate different colored light from each of the different 
phospborescoit emitters. For example, >2]c-tris(2-pheay]pyridine)iridium C*h<ppyV) is a 
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green-emitting phosphor wid may be combined whh a red-ernitting con]fx>uiid, such as iridium 
(HI) bi3(bcnzothienylpyTidinc) acctylacctonate ("B^IrCacac)"). in a suitable host material to 
produce a white-light'-emitting emissive layer. 

s The host material of the emissive r^ion may be selected to have a wide energy g^ to 

impede (cascade energy transfer between or among the various phosphorescent dopants. 
Cascade energy transfer is a tenn used to describe transfer in a stepwise process from higher 
energy eccitons to ]ow^ enei^y excitoos, for example, from higher energy triplet excitons to 
the lowest energy triplet excitons. Cascade cncrgj transfer between the phosphorescent 

10 dopants can occur when a phirality of phosphorescent dopants <ire mixed together in the same 
band or I'egion within a common host materia], £uid can be avoided or minimized either by 
djoosing a host material that impedes cascade energy transfer or by doping the 
phosphorescent dopants in s^arate bands within the host material of die emissive r^ion. 
Otfaowise, die process of cascade en^gy tiansfo can cause high-energy excitons that would 

15 emit visiljle light to transfer their energy to other lower-energy excitons that emit only non- 
visible heat, decreasing the efficiency of an OUED. Therdbre. impeding or avoiding cascade 
energy transfo' is important in fibricatiog effictcnt OLEDs. 

The control of the difiFiiston of triplet excitons provides a meam for obtaining the 
20 desired color balance. Triplets ha\'c lifetimes that are several ord^ of magnitude longer than 

singlet excitons, hence they have longer dijQusion lengths, allowing emissive layers to be >10 nm 
thick. Henc^ to achieve a desired emission color, the tlucluKss of each layer doped with a 
difierent phosphor can be adjust to serve as a recombinalioa zone of the appropriate fiaction 
of excitons initially formed at the HTL/EMR ioter&ce. The color of light emissxHi from an 
2S emissive region can be tuned by varying the concentration of each phosphorescent dopant. 

Furthermore, the phosphorescent dopants may be stratified in bands within the emission r^ion, 
allowing the thickness of each phosphorescent dopant band to be varied independently from 
the other phosphorescent dopant bands, providing a method of controlliag the intensity of li^ 
emission from each phosphorescent dopant independently. Finally, phosphorescent dopants 
3o may he combined with fluorescent light enutting dyes or with a doorescent emission from a 
separate duorescent emission layer. 
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By varying the concentration of the dopants, the location of the different color regions 
wfth respect to the HTL interface, where excitdD fonnation generally occurs, the thicknesses of 
each of the layers, and by inserting an exciton blocking layer between eoiis^e layers, the CIE 
coordinates of the OLED enussioii can be tuned over a wide range. However, it is prefmiblc 
5 that the pbu.>phon» that trap excitoos most readily sboukl be positioned farthest from the 

exciton formation region. Typically, this may be accomplished by positioning the pbo^hors 
with the k>west triplet energy fiutiiest fiom the exciton formation re^n. However, the 
^deocy of the energy transfer fiom the host material to an emitter may also be an knportant 
consideration. If the efficiency of the energy transfer fiom ibs host material to a particular 

10 emitter is high, the band containing that emitter may be placed farther from the exciton 

formation reg»n. Conversely, if the e£Bciency of the energy transfer fiom the host material to a 
particular emitter is k^w. then the band coiKainii^ that enutter may be placed ck>ser to the 
exciton formation r^ion. Thus, it may be inqmrtant to consider both the tnpkt congy for the 
various emitters as well as the efUcieny of the energy transfer fiom the host matoia] to the 

15 various emitters. For example, rather than ordering the bands of the emitters in the order of 
higest triplet energy, intermediate triplet energy, to k>west triplet energy, the bands of emitters 
may m the order of highest tr^kt eoeigy, bwest triplet energy, intennediate trqplet energy if the 
enutter with the intermedin trq>let energy shows a high efficiency for the energy transfer fiom 
the host matoiBl. This ensures that the excitons can diCRise thtougbout the tuminescent regiKHi, 

20 producing the desired ou^wt color balance.. 



An emissive region with two or more phosphorescent dopants can be tuned to produce 
any color of light, itKluding white fight The k>w co&t, high efficiency and brightness of such a 
white-light OLED make it suitable for use as backlight for a typical liquid crystal display, as a 

25 source of lighting in a home or oflBce, or for a thin, flexible monochrome display. A 

monochrome OLED could be developed Aac would achieve a distinctK-e ookir for advestising 
purposes. A transparent, color-selectable 01 JED could be used as one of the OLEDs in a full- 
color dii?play having several stacked, individually addressable organic light emitting devices, 
providing a method for achieving an inexpensive but efficient fuH-coIor organk: display or 

3 0 transpar«it organic display. 
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In one embodiment of the invention, at least one phosptiorescent dopant and at least 
one fluorescent material can be used. The phosphorescent decants can be iotennixed within 
the sane region in the emissive Jayer. More preTerably, the emissive materials are doped into 
stratified layers or bands within the emission region. The long difiusion lengths and lifetimes of 
s triplet excitons aUow the thickness of the stratified layers to be adjusted, so as to control the 
intensity of the light emitted from each of the stratified phosphorescem bands within the 
emisuve reg^a In contrast, it was typical in the prior art to adiievc cobr tunii^ in fkioresccot 
devices by varying energy transfer eflficiency or precisely controlling fluoiesceot dopant 
concentration, and both of these methods tends to reduce device efficiency. Furthermore, the 
10 use of mahiple phosphorescent emitters in an emissive region offers greater nexft>ility in the 
choice of color compared to a single fluorescent emission layer. Multiple fhiorescem organic 
light emitting devices could be stadced tu achieve flRc3)ffity in color, but tins would resuM 
typically in reduced efficiency and greater fibrication cost than the use of multiple 
{^spborescent emitters in an emissive region. 

15 

The hole transporting material^ the exciton bbckn^ layers, the electron transporting 
materials and the phosphorescent dopant nuH»rials may each be selected from a vast array of 
materials known in the art, provided that die relative eneigy leveb of these materials, when 
used in cond)inatioii, have relative vahies as described herein. Representative materials, Ibr 

20 example, of the hole injecting materiab, the electron transporting materials, and the 

phos|diorescent materials inchide the types of materials sudi as disclosed in M. A. Baldo et al.. 
Nature, wl. 395, 151 (1998); D. F. O'Brien et al., AppL Phys. Lett., vol 74. 442 (1999); 
M. A. Baldo et aL, AppL Phys. Lett., vol. 7S, 4 (1999); T. Tsutsui et aL, Japanese. J. Appl. 
Phys., Part 2, vol. 38, L1502 (1999), M. J. Yang et aL. Japanese J. AppL Phys., Part 2, vol 

25 39, L828 (2000): and C. L. Lee et aL, AppL Phys. Lett., voL r7, 2280 (2000); Baldo et al., 
Physical Review B 422-428 (1999); Kwong et aL. Chemistry of Materials, vol. 1 1 , 3709- 
3713 (1999); Djurovich et aL, Polymer Preprints, vol 41, No. I, 770 (2000). The 
phosphorescent materials for use in the present device are typically organo-metallic ' 
compounds, fhe organo-metallic phosphorescent materials may be selected from those taught 

30 in co-pendaqg applications U.S. Serial Nos. 08/980,986, filed Jun. 18. 2001 and 09/978455, 
filed Oct. 16, 2001, each of which is incorporated herein in its entirety by reference. 
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The r.TL materials may include, in particular, an arj4-substitutcd oxadiazofe, an ar^ 
substituted triay;ole, an aryl-substituted phenanthroline, a benzoxazoles or a benzthtazole 
compound, for example, l,3-bis(N,N-t-butyi-phenyi)-l,.l,4-oxadia2»le ("OXD-7"); 3-phcnyi- 
4-(r-iiapbthyI)-5-pheiiyl-l,2,4-trtazoIe CTAZ"); 2,9-dimcthyl-4,7-dipIien^-phenaatfarofiiie 
5 C'BCP"); bis(2-(2-hydroxypbari>4)-beiizoxazolate)zioc; or bis(2-(2-hydroxyphenyI)- 

beiizthiazokte)zinc; such as disclosed in C. Adadii et ai., AppL Phys. Lett., vol. 77, 904 
(2(X)0). Other dectron transporting materiaJs include (4-bi{^enylK'*-tenbuty^beay0oxidiazDle 
(PDB) and aluminum tTis(8-hydn)xyquiDolate) (AIq3). 

10 The material of a hole transporting layer is selected to Irajisport holes from an anode to 

an emission region of the device. A preferred class of materials for tise in the HTL are triaryl 
amines in various forms which show high hole mobilities {-IC' cmWs). An exaiqple of a 
material suitable as a hole transporting layer is 4,4'-bi$[N-(napfathyl)-N-pliefl^-amiiiD]bqihenyl 
(ot-NPD) with a bole mobility of about SxlQ* aa^/V sec. Other examples bchide 

IS N J^-bis(3 -methylpbenyl) -N,hr-diphenyI-[ 1 , 1 ' biphenylH, 4*-djainine (TPD) with a hole 

mobility of about 9 x 10^ cmW sec, 4,4'-bisCN-(2-napfathyI)-N-ph6nyl-aniino]biphenyl (P- 
NPDX 4.4*-bis[N^-(3-totyI>amino]-3.3'- dimethylbipbeiiyl (MI4X 
4,4^4"-tris(30mothylphenyIpbenyfamino)tripheDylamine (MTDATA), 4,4*-bi8[N,N''<3- 
to1yI)amino]-3,3'-diniethylbiphei]yl (HMTPD). 3,3'-DimetliytJV*,Ar',;V*',A'*-tetra^tolyl- 

20 biphcnyl-4.4'-diamine (R854), and 4,4'-N.N'-dicarbazole-biphenyl (CBP). Additional 

suitable hole transporting materiab are known in the art, and examples of materials that may be 
suhable ibr the hole tracepoiting layer can be found in U.S. Patent Ho. 5,707,745, which is 
incorporatai herein by r^n-eoce. 

25 In addition to the small molecules discussed above, the matrix may comprise a polym^ 

or polymer blend. In one embodiment, the emissive materials) are added as a free molecule; 
ie. not bound to the polymer, but dissoh^ed in a polymer "solvent. A preictrod polym»- for 
use as a matrix material is poly(9-vioylcaIhazo1e) (PVK). In an att«nathre embodiment, the 
emitter is part of the repeatii^ unit of the polymer, for example Dew's polyfkiorene materials. 

3o Both fluorescent and phosphorescent emitters may be appended to polymer chains and used to 
make OLBDs. Layesis in a device comprising a polymo^ic matrix are typically deposited by 
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Spin-coating. 

11ie devices of the present invention may comprise additional layers, such as an exctton 
blocking layer <EBL}, a hole blodcing layer (HBL) or a hole injection layer (HSU). One 
5 embodinieot of the invention uses an exciton blocking layer that blocks exciton diffusion so as 
to hnprove overall device efficiency, such as disclosed in U.S. Patent No. 6,097,147, which Is 
inoorporated herein in its entirety by refermce. Such an exchon blodcing layer confines 
electrically-generated excitons within an emissive layer. 

IC In still other embodiments of the invention, a hole injecting layer may be present 

between the anode layer and the hole transporting layer. The hole injecting materials of the 
present ioveotion may be ciiaractearized as materiab that planarize or wet tfie anode sui^e so 
as to provide efficient bote injection from the anode into the hole injectii^ material. The hole 
injecting materials of the present mventkm are further characterized as having HOMO (Highest 

19 Occupied Molectilar Orbital) energy levels that iavorably match up, as defined by their 
herein-described relative IP energies, with the adjacent anode layer on one side of the HIL 
laya* and the pboi^horescent-doped electron transportmg layer on the opposite side of the 
HIL. 

20 Preferred properties for the HIL materia] arc siich that holes can be efiBciemly iiyected 
from the anode into the HIL material. In particular, the HDL material preferably has an IP not 
more than about 0.7 eV greater thai the IP of the anode material. More preferably, the HIL 
material has an IP not mote than about 0.5 eV greater than die anode material. 

35 The HIL materials, while still being hole transporting materials, are distingubhed from 

conventional hole transporting materials that are typically used in the hole transporting layer of 
an OLED in that such HIL materials have a hole mobility that may be substantial^ less than the 
bofe mobility of conventional hole transporting materials For example, m-MTDATA has been 
identified as efiective in promoting injection of holes from ITO into the HTL consisting of, for 

30 example a-NPD or TPD. PossA>fy, the HIL efiecth^dy injects holes due to a reduction of the 
inL HOMO levcMTO offset energy, or to wettmg of the ITO sur&ce. The HIL material 
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m-MTDATA is befieved to have a hole mobility of about 3x10"' craWsec as compared witli 
a hole mobility of about 5x10"^ cmW sec and 9 x lO"* cnr/W sec of a-NPD and TPD, 
respectively. Thus, the m-MTDATA material has a hole mobility more tbao an order of 
magnitude less than the commonly used HTL materials a-^fPD and TPD. 

Othor HIL materials include phthalocyaoioe compounds, such as copper 
phthalocyanine, or still other materials, ioctudtng polymoic materials such as poly-3,4- 
ethylenedioxythiophene CPEDOT") or po1y(ethene-dioxythiophene):po]y(styrene sulphonic 
ackf) (PBDOTtPSS), which are effective in promoting iajection of boJes fiom the anode into 
the HIL material and subsequently into the HTL. 

The thickness of the HIL of the present inyention needs to be thick enough to help 
plaoarize or wec the sur&ce of the anode layer. For example, an HIL thidoiess of as little as 
10 nm may be acceptable fbr a very smooth anode surfacew However, since anode surftces 
tend to be very rough, a thickness for the HDL of up to SO nm may be desired in some cases. 

Suit^le electrode (i.e., anode and cathode) materials ktchidc conductive materiab 
such as a metal, a metal aDoy or an electrically conductive oxide sudi as ITO. which are 
connected to electrical contacts. The depo.sttion of electrical contacts may be accomplished by 
vapor deposition or other suitable metal deposition techniques. These electrical contacts may 
be made, for exan^le, fiom indium, magnesium, platinum, gokt, silver or combinatioos such as 
Ti/Pt/Au, Ci^Au or Mg/Ag. 

When defpositing the top electrode layer (i.e., the cathode or the tmode, typically the 
cathode), that is, the electrode on the side of the OLED furthest from the substrate, damage to 
the organic layers shouM be avoided. For exampiev oxganic layers should not be heated above 
their glass transition temperature. Top dectrodes are pr^ierabiy d^Ktsited fiom a direction 
substantially perpendicular to the substrate. 

The electrode that functions as the anode preferably ocnopiises high work function 
metals (i4.5 cV), or a transparent ekctricatty conducthre oxidei, such as indium tin oxide 
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(I'I'O), zinc tin oxkJe, or the like. 

Id preferred einbodiments, tfae cathode is preferably a low work functioD, electron- 
injecting material, such as a metal layer. Preferably, the cathode material has a worlc function 
that is less than about 4 electron voks. The metal cathode layer may be conq[>rtsed of a 
substantially thicker metal layer if the c^bode layer is opaque. If the catbode is intended to be 
transparent, a thin low-work function metal may be used in combination with a transparent 
dectricalty conductive oxide, such as ITO. Such transparent cathodes may have a metal layer 
with a thickness of .50400 A, preferably jrfxnit 100 A. A transparent cathode, such as LiF/Al 
may also be used. 

For top-emitting devices, a transparent cathode such as disclosed in U.S. Patent No. 
5,703.436. or co-peadii% patent apphcaiions U.S. Serial Nos. 08/964,863 and 09/054,707, 
each incorporated herein by reference, may be used. A transparent cathode has light 
transmission characteristics such that the OLED has an optical transmission of at least about 
50%. Preferably, the transparent cathode has light transmission characteristio; that permit the 
OLBD til have an vptical traosmission of at least about 70%, more preferably, at least about 
85%. 

Substrates according to the present invention may be opaque or substantially 
transparent, rigid or flexible, and/or plastic, metal or glass. Ahbough not limited to the 
thidcness ranges recited hoeki, the substrate may be as thin as 10 if present as a £lex9)Ie 
plastic or metal foil substrate, or substantially tfaidco: if present as a rigid, transparent or 
opaque snbstrate, or if the substrate is made of silicon. 

One representative embodhneot of the OLED structure of the present invention is 
diown in Figure 1. The device includes a glass suhstiate. an anode Jayn- (ITO), a hole 
transporting layer (a-NPD), a bole bloduig layer (BCPX an onission layer comprising a hose 
(TAZ) and two phosphorescent dopants in separate bands or byers wdtliin the emission layer 
<Ir(ppy)3 and Btp2lr(acac)), an electron b^ansporting layer comprising tris(S- 
hydroxyquinoline)alumin um ("Alqa"*). and a cathode layer, wherein the cathode layer comprises 
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a layer of Jitfahim fluoride ("LiF') and a layer of atunuaum C'Ai"). Light etnissioo from the 
emissive layer occurs wbea a voltage ts applied across the cathode layer and the anode layer 
The materials used in the device are an example of one enibodiment of the invention, aixl may 
inchide any suitable materials which fiilfUI the fi]nction(s) of the respective tayer(s). 

5 

The term "region" may be used in some cases herein to refer to a region comprised of 
multiple layers or comprised of difieremly doped layers, ahematrvely referred to as bands, 
within the same regioa For example, the emissive region may be comprised of a single host 
mateiial doped by a pfuralky of phosphorescent dopants with eadi phoqrfioiescent dopant 

10 contained tn a separate and distinct band, wherein the doped hand within the emission region 
may be considefed as a separate and distinct layer of host material with each separate and 
distinct layer being doped by a diflferent phosphorescent dopant. Abo, the host material k one 
or more of these bands may be diflfeient £rom one band to the next. Alternatively, the enuss»ve 
re^on may be coa^irised of a separate fluorescent layer and a host layer doped by one or 

IS more phosphorescent dopants. In yet another embodiment, the emission region may comprise 
a host material doped by phosphorescent dopants, but the phosphorescent dopants may not be 
doped into separate and distinct bands. Rather, the doped region of one pfaosphoresoent 
dopant may overlap the doped region of another {lAospborescent dopant or the doped region 
of one phosphorescent dopant may be contained in its entirety within tbc doped region of 

2 0 another phosphorescent dopant. In fact, multiple layers may be used to achieve a oomfaination 
of benefhs, improving overall device efficiency. 

The mMeriak listed bebw are ]»ovided for ilhistrative purposes only. The device is 
typically manufactured upon a substrate Uiat may be a transparent or opaque material, such as 

35 glass, quartz, sapphire or plastic. The substrate may be, for example, rigid, flexible, 

conformable^ and/or shaped to a desired configuration. For transparent OLEDs or top- 
emittiDg OLEDs, a transparent cathode such as disclosed in U.S. Patent No. 5,703,436, or 
co-pending U.S. Patent applications S/N 08/964,863 and 09A)54,707, may be used. A 
transparent cathode has light transmission characteristics such that the OLED has an optical 

30 transmission of at least about S0%. Prefenri>ly, the transparent cathode has optical 

transmisskMi characteristics that pemik the OLED to have an optical bansmission of at least 
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about 70%, more prcfcnbly, at least about 85%. 

A top-emitting device is one for which light is produced only out of the top of the 
device and not through the substrate. The substrate and bottom etectrode of such top-emitting 
5 devices may eadi be cojiqarised of opaque and/or reflective mateiials, for example, with the 
electrode being a reflective thick metal layer. The substrate is typically referred to as being at 
the bottom of the device. 

The deposition techniques for any of the above-listed layers and niatc»^i^ are wdl- 
10 known in the ait. For example, a representative method of d^sitiqg the OLED layers b by 
thermal evaporation or organic vapor phase deposition (OVPD) such as diseased in Baldo &t 
al , "OrRanic Vapor Phase Deoositioa." Advanced Materials, vol. 10, no. 18 (1998) pp. 
150S-1SI4. Ifa polymer layer is used, the polymer may be spin coated. One representative 
method of depositii^ metal layers is by thermal or electron-beam evaporation. A 
IS representative method of depositing indium tin oxide is by electron-beam evaporation or 
sputterinii. 

TiMS, in one embodiment of the present invention, an electiDphosphorescenl OLKD 
com^mses an anissive region incki<fiDg a phirality of pho^^rescem dopants, vidiem each 

20 i^iosphorescent dopant is presort in a band with'm the host emissive region, with the thickness 
of each band, the location of each band, and the concentration of each phosphorescent dopant 
within each band is adjusted such that a desired cok>r and brigbtoess of Gg^ are anitted fixim 
the OLED. In specifu: embodiments of the invention, the bands may be sqiarate or 
overlqjping. As one enibodiment of the present invoition, overlapping bands may eoq>k)y a 

2 5 host material which kaptdcs cascade energy transfer, improving device efficiency. 

In one spedfic enabodknent, the eaaatons may form, in an exciton formation zone, on 
one side of a hole bk>cking layer and diffiise through the bole bfockiog layer and into the 
emission region. Alteniatively, the excitons may form eidia- on the mode side of the emission 
30 layer or on the cathode side of the emission layer. The invention embodies efficient des^ and 
fabrication of devices that optimize the brightness, efficiency, cotor or a combinatktn of these 
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chancterixtics of Ae device by layering and ordering the layers withm the emission fegion v.hb 
respect to the locatioD of the exciton fonnatton zone. 

An ahemadve einbodiaieiit of ibo present invention comprises »i eroissive r^^n 
mchuling a plurality of pbospbwescent dopaitts, wberesi each of the phosphorescent dopants is 
mixed in at least a portion of the host material with one or more other phosphorescent dopants, 
"Wherein die lK>st material is chosen to reduce cascade energy transfer, and the band thickness 
and concentration for each phosphorescent dopant is indcpendeirtty selected such that a 
desved cobir of light is emitted fiom the dectrophosphorescant OT.!^. 

The present invention may be used to provide stable, efficient, high brightness, 
monochromatic, nmltioolor. or fUll-oolor, fiat panel .displays of any size. The images created on 
such displays could be text or ilhistrations in fun-color, in any resolution depending on the size 
of the individual OLEDs. Display devices <^the present invention are therefore appropriate for 
an extremely wide variety of applications including billboards and signs, computer monitors or 
computer displays, and communications devices such as tel^houes. televisions, large area wall 
screens, theattfsoeras and stadium screois. The structures described herein arc inchidcd, for 
example, in a phuality of pixels in a Kgbt emitting device or as part of a singte-pbicl, flat panel 
backlight device or general fi^ source for a room or office. Moreover, die stnictures 
described herein may be used as part of a laser device. As part of a laser device, the OLED 
would be iiKiOiporated into the laser as a light source. The present invention both has high 
efficiency and b capable of being tuned to transmit a specifically desired wavelength of Ijgbt, 
vAudtx are both desirable characteristics for a laser light source. In addition, the 1^ source 
couki be incorporated mto an organic laser inexpensively as a vacuum-depoated OLED. 

Because of the ncceptionally high hmiinous efiScieacies that are possAIe ior 
phosphorescent4w5ed OLEDs^ as compared with OLED& generally, and espcoally with 
respect to conventional inorganic LEDs, the phosphorescent-based OI J^Ds of the present 
invention may also be used as a light source for illumination applications. Such light sources 
couM repboe conventnnal incandescent or fluorescent lamps for certam types of ilhimination 
applications. Such phosphorescence-based OLEDs couM be used, for example in large 
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backplane Ught Roorces that produce iUumination of a desired color, indudii^ white li^t. 

Ilie devices disclosed in the foJIowiiig palente or co-pending patent applications^ each 
of wbidi is incorporated terein in its entirety, may benefit fiom inooiporation of Che organic 
5 Kght emitting devices disclosed hereia. U.S. Patent Nos. 5,703.436; S.707.745; 5,721,160; 
5,757,026; 5,757,139; 5,8n.«33; 5,834,893, 5,844,363; 5,861,219; 5.874,803; 
5,917,280; 5,922,396; 5,932,895; 5,953,587; 5,981,306; 5,986,268. 5.9S6.401; 5,998,803; 
6,005,252; 6,013,538; and 6,013,982; and co-pending U.S. Patent Application Nos. 
08r779,141; 08/821,380; 08/977,205; 08/865,491; and 08/928,800. The materials, methods 
10 and i^iparatus disclosed in these patents and co-pending patent af^fications may also be used 
to prepare the OLEDs of the present bvention. 

There may be substantial variation of the type, number, thidaiess and ordo- of the 
layers that are presort, depeadoA on in^ietber an inmted s«iuence ofOLED byere is present, 

15 or ^vhetber still other design variations are used. Those \vith skill in the art may recognize 
various modifications to the embodiments of the invention described and illustrated herein. 
Such modificatk>ns arc intended to be covered by the spirit and scope of the present aavention. 
That is, while the invention has been descrftted m detail with reference to certain embodiments, 
it will be recognized by those idcilled in the ait that dim are other embodimei^ of the mvention 

29 witbia the ^irit and scope of the claims. 

This invmCion vnO now be described in detail with respect to showing how ceftain 
spedfic representative embodknents thereof can be made, the materials, tpparotas and 
process steps being und«stood as examples that are intended to be illustrative only. In 
25 particular, the invention is not intended to be bmited to the metlK>ds, materials, oonditions, 
process parameters, apparatus and the like specifically recked herein. 
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EXAMPLES OF THE INVENTION 

In a representative embodiment of the present inv^ition, organic layers were deposited 
by high vactnun ( 1 0"* Torr) theraial ev^ratkm onto a clean glass substrate precoaied with 
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mdhim tin oxide (ITO), which was used as the anode of the device and wbidi had a sheet 
resistance of 20 O/square. Prior to film deposition, the substrate was solvent degreased and 
cleaned in a UVozone chanri>er before it was loaded into the deposition system. 
Pot)r(etbyleae-dio}9thk>plKne):poly(styrene su^bonic add) (P£DOT:PSSX used to decrease 
s OLED leakage cuirent and to increase OLED fabrication yield, was spun oato the ITO at 
4000 ipm for 40 seconds and -dien b^ed for 1 S mins at 120 "C, attaining an approximate 
thickness of 40 nm. 



Device I . One example of the invoition is an efficieat, otgamc fidiite-li^-eoutting device, 
: 0 comprising, in sequence from the lop (cathode side), an aKumnum cathode layer (500 nra), a 
thin UP electron injectiog layer (0.5 nm)* an Alq, electron transporting layer (50 run), a 
vacuum-deposited emissive re;gion of TAZ (30 nm), doped widi a 20 nm thit^ band of 
I^sphorescent red-onittiag Btp2lr(acac) at a Goncentration of 8 wt and a 10 nm thick 
band of phosphoresceat green-emitting IrCPPy)} ^ > concentration of S ^ %. The ouissive 
15 region was separated from the hole transporting layer by a bolc-blocking layer of 2,9-dimcthyl- 
4,7-djphenyl-l,10~phenanthroline (BCP) (6 nm), and a layer of a-NPi> (50 nm), which had 
been V8cuum-dq)0sited onto the solvent degreased and cleaned layor of ITO. 

It is believed that in Device 1. excitons are formed in the a-NPD byw and then a large 
20 fraction of the excitons are transferred into the TAZ layer across the BCP hole bk>cking laywr. 
A significant Gnaction of the excitons cause fhiorescent emission to be produced directly firom 
the a-NPD host material. The excitons in the TAZ layer are subsequently transferred from the 
TAZ to the phosphorescent dopants, resultii^ in electro-pbciqrhorescence from both 
BtpiMacac) and If<j>py)). By selecting the layer thicknesses as described, white light emission 



Device I produced a substantial^ white light emission widi Conunsssion Internationale 

d'Eclairage (CTE) chromatidty coordinates of (X=0.36,Y=0.45). Thespeetium was largely 
insensitive to the drive current, and the device bad a maximum kiminance of about 10* cd/m^ at 
30 about 600 mA/cm'. At aiuminance of 100 cdW, the quantum ^Bciency was dbout 2% and 
about 3 hnJVt\ respectively. It is believed that the h^ huninance and high quantum efiOdency 
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of this device may be attributed m substantial part to the presence of the BCP hok blocking 
]a.yef that yvas present bet\^'een the hole transportiog a-KPD layer ajad the phosphorescent- 
doped TAZ hyer. In particuJar, it is believed that die BCP layer substontiaJly forces the hole- 
electTon recombinatioii to take place in the a-NPD layer widi insignificaot loss of holes through 
5 the BCP layer. The BCP layer then altows a large fraction of the triplet excitons thus formed 
to difiuse into the TAZ layer, so as to produce triplet excitons on l3ie BtpjIrCacac) and IrCppy), 
molecules, whidh then emit \ishlo fight bv phoqrfiorescence. 

It is believed that the BCP layer thus functions simultaneously as a hole blockii^ layer 

10 and as an exciton transporting layer, which b present between the phosphorescent zone of the 
device and the hole transporting region of the device where substantially aU hole-electron 
recombination occurs, but where only a small fraction of the himinescence is produced as 
fluorescent eonission. By suitably sdectiog the materials used in each layer, and then ac^ustiog 
the layer thicloiesses and the phospborescem dopant concentrations, the emission may be 

13 tuned to produce substantially any desired color. For example, by placing the phosphorescent 
dopants having the lowest eneigy trainfer ^ficicncy in a band knmediately adjacent, or 
pfoximal to the hole-efectron cecombination zone, also referred to as the emilon formation 
zone, of the device and placing the phosphorescent dopants having the highest energy tranfer 
c£Sciency in a band distal from the hole-electron Fecon4»inat»n zone of the device, the rehuive 

2 0 emissive contribution of each phosphorescent dopant, each producing a difierent color of fight 
emission, may be controlled by adjusting the thickness of each layer and concentratk>n of 
dopant in each layer, as required to generate a desired cok>r of Ugfat emission from the 
ekctrophosphoresceot OLED. U is believed that such devices are commerciatty practical only 
if they are fabricated using ^ least one phosphorescent dopant, because the trq>Iet excitons that 

2 s are responsible for pho^horescence have diffusion lengths of a hundred nanometers or mote, 
whereas fluorescent, singlet excitons have difibsion In^tbs that seldom occeed ten nanometen. 
Therefore, a device uang tr^let esrcitoos can adiieve the brightness and ^Sciency necessary 
for a coimnercially useful device. 

3o p^^2 In another example oftbe invention bhie, green and red phosphorescent emissive 
layers were combined m a muhi-emissive-hiyer, CMganic l|^-emtttii^ devne to produce 
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efficient white light. A bhic phosphor kidiuiii(ni)bis(4,6-dirflw)iopbeiqrl)-p$ridh^ 
ptcolinate ("FIrpic") doped into 4,4'-N,N'-dicart)azole-bipbenyI (CBP) was used as the blue 
emissive haad^fxc tris(2-phenylpyridine)iridiuin (Tr(ppy)3> doped into CBP as the green 
emissive band and bts(2-<2'4)eiizo[4,S-a]tbieayl)pyndinato-N,C^)iridhiiiKa^ 



Another embodiment of this invention includes the process for fabricating a white light 
emitting OLED, having bhie, ffeea and red phosphorescent emissive layers combsied in a 
multi-emissive4ayer. In Device 2, OLEDs were grown on a ^ass substrate pre-cx>ated vi'Hh 

10 an iixiium-tinHSxide<n'0)hyerhanrhig a sheet resistance of 20-fVitq. Prior to any organic 

layer deposition or coating, the substrate was degreased with solvents and then treated with an 
oxygen plasma for 8 minutes with 20W at 150 mTorr. Poly(etbyIene- 
dioxythiophene)/poIy(styrene sulphonic acid) (PEDOT:PSS) was spun onto the ITO at 4000 
rpm for 40s and then baked for 10 mios. at 120 "C. PEDOT:PSS was used to decrease the 

15 leakage current. [D. J. Milliroo, 1. G. Hill, C. Shen, A. Kahn and J. Schwartz, J. Appl. Phys. 
87. 572 (2000); and T. M. Brown and F. CacialU, lEE Proc. -Opto electron 14S, 74 (2001)] 
AJl small molecule organic layers were consecutively thermally evi^>orated at a base pressure 
of slO-* Torr. First, a 400nm-thick 4,4'-bisp^-(l-napthyi)-N-phenyl-amino]biphenyl (a- 
NPD) hole transport layer (HTX) was dq}08ited. Nejrt, an emissive region (EMR) consisttng 

20 of a 1 Onm-thick layer of 4,4'-N.N'-dicarbazole-biphcnyl (CBP) doped with 8 wt.% of 

iridium(Iir)bis(4,6-di-fluoropbenyO-pyridmato-N,C^ picolinate (FlrpicX followed by a I Onm- 
thick CBP layer doped with 8 wt% bis(2<<2'-beDzo[4,S^]thienyI)pyridinatD- 
N,C')iridiuixi(acetylacetonate) Btp2lr(acac} layer and then by a IQnin-thick layer of CBP 
doped with 8 wt.% J&c tris(2-pheiiylpyridine>indium (Ic(ppy)») was grown. The emissk>a color 

2S and device efficiency was found to depend on the order in which the layers were doped, and 
white emission was obtained using the process described here. A lOnm-thic^ 2,9-dan^yl- 
4.7-diphettyl- 1 , 1 0-pheaaothroline (BCP) electron transporting^le blocking layer (ETL) was 
the final organic layer deposited. After depositnn of the organic Isyers, the evaporatk>n 
chamber was vented with nitrogen and the sample was transferred und^ a nkrogen 

30 atmosphere containing <1 ppm of water and oxygen to a nitrogen glove box in which a shadow 
mask with Imm^diamcter openings was affixed lo the san^le. Finally, a cadiode consisting of 



5 



(Btp2lr(acac)) doped into CBP as the red emissive band. 
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& SA-tbick UF layer followed by lOOom of Al was deposited. The sample was oidy exposed 
to air when it was being tested. The devin structure is shown in Figure 9. 

3y balancing the emission of eadi «>k>r oomponeoC, the device m Figure 9 can 
5 cffeaively produce white light The rates of radiative (k,) and non-radiative recombin^ion, 
difiusivity constants, and resonance energy transfer rates (kv> betwe«i hosts and guests are 
variablei to consider for each layer in the device. By varying the coiK^atration of the dopants^ 
by varying the location of the different color regions with respect to the int^ace wi^e excitra 
formation occurs, and by indq)endentty changing the thickness of each of the layers, the 
10 inventof s were able to tune the color/CIE coordinates of a nxuUi-emissive layer OLED. 

In Device 2, the concentration of the jrfiosphoresceiit dopams were 
approximately constant at about (8 ± 2) wt.% in order to achieve both an efficient and thin 
device. Previous reports indicate that k, and the rate of traos^ b^weeo the host and 

15 phosphor (k^) is maximized at doping levels between about 6 wt.% and 9 wt.%. [C. Adachi, 
M. A. Baldo, M. E. Thompson, R. C. Kwong, M. E. Thompson and S. Forrest, Appl. 
Pbys. Lett. 79, 1622 (2001); and C. Adachi, M. A. Baklo, S. R. Forrest and M E. 
Thonqison, Appl. Phys. Lett. 77, 904 (2000)J. Lower doping levels have lower and 
concenti ation quencbio^ decreases at higher doping levels. 

20 

The long diffusion length of triplets coupled with varying the thickness of the individual 
emissive bands^ and tbeff stadcing order aUowed for the control of the emission fiom each of 
the three emissive bands in Device 2. White ligfat with CIE coonlinates of (0.3 1, 0.35). 
external quantum ^ciency of (4.0 ± 0.4) % and maxhnum kuninance of (36 000 ± 4 000) 
25 cd/m' were obtanwd. 

In OL£D devices, cxcitom form at the intalace between two materials where a build 
up of excess charge occurs in one of the materials. Excess charge is usually present in one of 
the materials due to order of magnitude difiTenences in otobility between the materials or large 
30 energy bairiecs to charge transfer at inlei&ces. The k)cation of the exciton zone of formation 
(EZF) for the muJti-anisshw layer stcucture afGscts the cok>r and ef&»ency of the device; 
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therefore, it is impoitant to the device des^n. 

The ratio of k„ to fc, or Hs reciprocal for each of the individuai eoiissive taycrs can be used to 
determine the placement of each of the emissive layers -with rc^ct to the EZF. In one 
preferred embodiment the emissive layers were ordered in such a manner tint the ratio of ki, to 
5 was highest near the EZF and lowest far fiom the EZF. ft is believed that this layer 

arrangement improved the device efficiency of the white tight emittiqg, efectropliospborescent 
OLED. 



Due to the equivalence in the transport of holes and electrons by CBP, it is unclear 
1 0 from the energy level diagram shown in Figure 1 0 as to vnhen the exciton zone of formation is 
located. Holes could possibly accumulate at the C11P:BCP interface or electrons could 
accumulate at the NPD.CBP itrterfece To investigate the location of the EZF, two 
embodiments of the invention described as Device 2 were fabricated, having an 8 wt% 
lr(ppy)3:CBP layer placed at ooe of the two inter&ces. The inventors believe that Irtppy), is 

IS the roost efficient of the three phosphors used in the two embodiments; therefore, Ir(ppy), 

should have a dominaiit main peak when placed at the EZF. Figure 1 1 shows that an Ir(ppy)3 
peak at X=520nm is more intense compared to the main Flrpic peak at A,=470nm when an 
IKppy^j-CBP layer was placed next to NPD. The peak at X«=S00nra is a combmatkMi of 
enijssk>n from Ir(ppy), and a Hrpic sub-peak at X=500nra. When the Ii(ppy>,:CBP kyer was 

20 placed next to the BCF layer, the Irtppy)3 peak at A,=520nm was lower relative to the main 
Flipic peak at A.=470nm; therefore, the inventors believe that the EZF was k>cated at the 
NPD:CBP interface. Therefore, a preferred embodiment of the mvention placed an 
FIrpic:CBP layer with a concentratk>n of about 8 wt% at this inteiftce to inyxova the 
efficiency of the white light emitting OLED. Results for this preferred embodiment of tte 

2S present invention, having a layer thickness of about 10 nra for each of the emissive layers and 
stacked in the order shown in Figure 9, had a CIE coordinate of (0.3 1 , 0 35). The external 
quaatnm efficiency of the dewioe is shown as a fiuictk>n of its current density in Figure 12. 
Assuming a Uunbertian intensity profile and cakulatiog maximum external quantum efficiency, 
yields a value of Tip equal to (4 0 ± 0.4) % and a kunmance of (3 .3 ± 0.3) IraAV or (36 000 

30 ± 4 000) cd/m' at 1 5.8 V. The external quantum efficiency was at least 3.(]^/a over a 

oorresponding current density of three orders of magnitude, as shown in Figure 12. The 
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inventors beKeve that the comparatively low external ^iciency at low values of cuirent density 
might be caused by current leakage; whereas, at high current densities 7 > 1 0 mA/cni^, the rolU 
ofiThas been previously ascribed to triplet-triplet annihilation. [M. A, Baldo, C. Adachi and S. 
R Forrest, Phys. Rev. B 62, 10967 (2000)1 The vahie ofr\^ would be even greater, except 
that the specific embodiment tested bad reduced levels of emission between >.^5S0um and 
X»600iini, and lumens are based on the photopic response curve, which has a peak value at 
X=555nrn. 



It is bdteved that the break in vacuum, whidi was in this embodiment of the invention 
10 to add the catbode, abo limited the de\^ efficiency, because the vacuum break would teod to 
introduce non^adiative defect states during exposure to the nitrogen atmosphere. The 
inventors would expect even higher device efficiencies using ultrahigh vacuum conditions 
throughout the fabrication process. In a preferred embodimait of the process for felnication, 
the cathode layer is deposited without any break, hi the ultrahigh vacuum environment. 

Dgyii^j: Poly(ethylene-dk)Jcythk)phene):poly(8tyrene sulphonic acki) (PEDOT:PSS was 
spun onto the ITO at 4000 rpm for 40 seconds and then baked for 1 5 no ins at 120 'Q 
actainii^ an approximate thickness of 40 nm. Dqrasition b^an widbt a 30 nm-thic^ 4,4'- 
bis|[N-( I -oapthyl)-N-phenyl-amhio]biphenyl (a-NPD) hole transport layer (HTL). For 

20 Device 3, an emissive region (EMR) was grown coosisticg of a 20 nm-thick layer of the 

primarily electron cooducting host 4,4'-N,N'-dicaiba2ole-biphenyl (CBP) doped with 6 wt% 
of the bhie emitting phosphor, iridMm01i)bts(4,6-di-fhiorophenyl>fiyridinato-N,C^ picoEnate 
(Flrpic), foltowed by a 2 nm-thick CBP layer doped at 8 vrt*A with the red phosphor, bb(2- 
(2*-benzx>[4,5-a}tfaienyf>pyridinato-N,C^) if idium(acetybcetonate) (Btp2li(acac)), and a 2 mn- 

as thick CBP layer doped at 8 wi% with the yellow phosphor; bis(2-phen^ ben2»thk>zolato- 

N,C^')iridium(acetylacetonate) (Bt2lr<acac». BCP was the final orgamc layer deposited on al 
devices aod served as both a hok/exciton blocker and an electron transport layer (ETL). 
After dqxjsition of the organic layci^ the sanq>lcs were transferred fiom the evaporation 
chamber into a filled gbve box containing i I ppm of H2O and O2. Alter affixing masks 

30 with 1 mm diameter openings to the samples, they were transferred into a second vacuum 
chamber (<10'^ Ton) where a cathode was deposited through the masks. The catinde 
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25 



consisted of 5 A of LiF followed by 100 nm of Al. 

Device 4 : Poly(etIiyleDe-<Ik>xythiopbeiie):poly(styrenB sulphonic acid) (P£DOT:PSS -was 
spun onto the ITO at 4000 rpm for 40 seconds and then baked for 15 mins at 120 *C, 
attaining an approximate thickness of 40 nm. Deposition began with a 30 nm-thick 4,4'- 
btsrN-< t-napthyl)-N-pheayl-aminoJbiphei]yi (a-NPD) hole transport Jayer (HTL). For 
Device 4. the EMR c^osbted of a 20 nm-tfaidc layer of CBP doped with 6 wt% of Flrpic^ 
foUowed by a 3 nm-thick 2,9-difnethyM,7-diphenyl- 1 , 1 0-phettanthroline (BCP) exciton 
bkwking layer, and a 10 nm-thick CBP layer doped xinth 8 wt% Btp2lr<acac). BCP was the 
final organic layer deposited on all devices and sei~ved as both a bole/exciton btocker and an 
electron transport layer (ETL). After deposition of the organic layers, the samples were 
transferred from (he evaporatioii chamber into a N2 filled glove booc contaiiUDg £ 1 ppm of H2O 
andOz. After afiSxtng masks with I mm diameter opoungs to the samples, they were 
iransfeired into a second vacuum ciiamber (<10^ Terr) wrfwre a cathode was deposited 
through the ma^. ThecathodeconsistedofS AofUFfbllowedby lOOimiof AI 

The ooatiol of the difiiision of triplet excitons provides a means for obtainiiig the 
desired color balance. Triplets have lifetimes that are several orders of magnitude longer than 
singlets. h<aice they have k>ngcr diftusion lengths, allowing emissive layers to be >10 nm thick. 
Hence, to achieve a desired emission color, the thickness of each layer doped with a diSeroit 
phosphor can be adjusted to serve as a recombination zone of the iq>pn>priate fraction of 
excitoos initially foraied at the HTL/EMR mter&ce. 

To design such a stiucture, the CBP triplet exciton diSusion length, Li>, is first 
detennined. This is done by varyiqg the thidmess (c/) of a ^ tris(2-phenytpyridine>iridumi 
(Ic^ipy))) phosphor doped re^on within a 30 nm thidc CBP layer in the sbucture shown in 
Figure 13. The efficiencies of the various devices are dien con^iared to the ^Hciency of a 
device with the entire CBP region doped with Ir(ppy)3- Thai is, assuming a linear relationship 
between the exciton density between position x and x+Av, and the amount of tight emitted 
from thai rq$ion, the CBP exciton density is then rdbted to die green Jiippyh «nissk>n via: 



,7(30X1- g-^^^) 



(1) 
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where t^eO is the efficiency of a device with a doped CBP layer of thkJuiess d, and ii(30) is 
the efFiciency of the device with ti) = 30 nm of CBP doped with Ir(ppy), We obtain a CBP 
triplet diffijsion length of (8.3 i; 1) nm using a chi-sqiiarc fit (.solid line) of the data in Figure 13 
toEq.(l). 

5 

By varying the oonceotration of the dopants, the location of the ^iffemsA color r^ions 
with respea to the HTL inter&oe where exciton formation occurs, the thicknesses of each of 
the layers, and by insertifig an exdtoa blocking layer between «nissive layers, the CIE 
coordinates of the OLFD emission can be tuned over a wide range. However, we note that 

xo the phosphors with lower triplet energy and which therefore trap excitons most readily sJjould 
be positioned farthest finom the exciton formation region. This ensures that the excitons can 
difKise throughout tlie huninescent region, producing the desired output color balance. Figure 
14 shows the dependence of efectrophospborescenC spectium of Device 3 on layer thickness, 
phosphor doping concentratiott, and the kisertion of a blocking laytar between the FIrpic and 

15 Btp2lr(acac) doped regions. All spectra were recorded at 10 mA/cm^, corresponding to 
luminances ranging between -100- and 800 cd/m^ 

FIrpic emission peaks at X — 472 nm and at X SCO nm, shown in Figure 14, in«ease 
relative to the Btp3lr(acac) emissioii at X 620 nm when the thickness of tiic BtjUfacac) and 

23 Btp2lr(acac) doped layers are reduced to 2 nm, and when the thickness of the Flipic layer is 
increased to 20 nm, because a larger fraction of the total number of excitons diffuse into the 
Flipic layer and hence are available for emission fiom this sonaewfaat less efficient dopant. 
However, FIrpic emission does not increase relative to Btp2Er(8cac) emission for FIrpic doped 
layer thicknesses exceeding 30 nm. This suggests that the exciton fonnation zone (EFZ) is not 

25 at the HTL/EMR interface as seen in the difiusion profile of CBP triplets measured using 
Ir(ppy)}, since FIrpic emission should continue to increase relative to all other phosphor 
emission with increasing Flipic layer thickness. The precise locatbn of the EFZ in the 
WOLED is dtfficuH to establish since it may shift depending on the several variables considered 
for color balancing. 

30 

The color balance (particularly enhancement of blue cmtssioa) can be improved by 
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inserting a thin BCP, hole/exciton blocking layer between the FTrpic and BtpjMacac) doped 
layers in Device 4. This layer retards the flow of holes from the FIrpic doped layer towards 
the cathode and thereby forces more excitoas to form in the Fbpic layer, and it prevents 
exchons from diSlisii^ towards the cathode after forming in the Fltpic doped byer. These two 
dTects increase FIrpic emission relative to B^zMacac). 



The main BtjIrCacac) emission peak at >. = 563 mn is easily discemable from hs sub- 
peak at X. 600 nm which overlaps the main Btp2lr(acac) peak (Figure 14). The peak at X - 
563 nm decreases when the doping concentration of BtjIrCacac) is reduced from 8 wt% to 1 

10 vvt% and when the layer thickness is reduced from 10 nm to 2 niii. At 1 wt% Bt2lr(acacX the 
transfer of triplets between the host and guest molecules is hindered because fewer guest 
molecules are witliin the Forster transfer radius (-30 A) of the host, decreasing fnopoitionately 
the fraction of Bt^IrCacac) emission. For the exciton concentration profile described by Eq. 
(1), n(2) < n('^) because the dopant can capture more of the CBP triplets for thicker doped 

15 regions Hence, the emission from a 2 nm thick Bt2lr(acac) doped layer should be lower than 
for a 10 nm thick layer because it captures fewer CBP excitons. 



Device 3 and 4 electrohiminescent spectra are compared in Figure 1 S. For Device 4, 
there is almost no emissk>n between X = 520 mo and X 600 mn, whereas I>evice 3 has 
20 significantly more emission from Bt2lr(acac) in this region. The enhancement of the yeDow 
region of the spectrum for Device 3 increases the CRI from SO to 83 and shifts the CDS. from 
(0.35,0.36) to (0.37,0.40) relative to Device 4. The x mdy CIE coonfinates of all the 
devices varied by <10% b^ween 1 mA/cm^ and 500 mA/cm^, coire^nding to huninanccs in 
the range from 60- to 20 000 cd/m'. 

25 

Device 4 is useful for flat-panel displays since the human perception of white from the 
display wiU be unaffected by the lade of emissnn in the yclkiw region of the spectrum. In 
theory, the best white that can be made with FTirpic and Btp2lr(acac) doped imo CBP is at 
(0.33, 0.32), ck)se to that of Device 4 of (0.35,0.36). With a CRI of 83, Device 3 can be 
30 used in Hat-panel displays, but it can abo be used as an ilkunination source, since at this high a 
CRI value, objects will appear as they would under daylght oonditk>ns. The CRI of Device 4 
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can be theoreticajQy improved to a maximum value of S8, however, the CIE of such an 
optimized device is (0.47,0.40). The additional doped layer also improves the efficiency of 
Device 4 as compared to Device 3 by boosting the yeJIow emission where the human eye has 
the behest photoi»c efficiency, and by the use of BtjlrCacac) which has a higher than 
s FIrpic. 

We assume lambertian intensity profiles and calculate the ri ^ tip (shown in Figure 16) 
and hmuoance using the current density-voltage cfaaractenstics shown in the inset of Fi^re 15. 
Table 2 shows the results for both Devices 3 and 4. Here, 3.0% over three orders of 

ID magnitude in current density, and is found to increase to a maximum vahic and then ro(}-ofF 
at higher-current densities, fhe iniliai low pcxt w possibly due to airrent leakage; whereas at 
high cunent densities (7 > 10 mA/cra^, the roU-offhas been previously ascribed to triplet- 
triplet annihilation. Device 3 attains a maximum luminance of 31 000 cd/m^ at 14 V. and 
Device 4 emits 30 000 cd/n? at 13.4 V. 

IS The break in vacuum necessary to define the cathode region limits the efficiency of the 

all-phosphor WOLED because of the introduction of non-radiative defect statK due to 
exposure to atmosphere Exciton transfer between CBP and Flrpic is especially sensitive to 
defects due to the endothermic process characteristic of this material system. Htglier efficiency 
WOLm>s, therefore, can be e)q)ected if the entire device is grown under h^ vacuum 

20 conditions. 

Those with skill in the art may recognize various modifications to the endmdiments of 
the invention described and illustrated herein, and the present invention includes these 
25 modificatioiis and is not intended to be limited to the examples contained herein. 
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* CLAIMS: 
What is claimed is: 

1 . An organic light emitting de^nce comprising an antssive r^ion, wherein the emissive re{pon 
s oompristis 

a host material, and 
a phiraUty of emissive dopants 
wherein the emissive region is comprised of a plurality of bands and each emissive 
iSopaiA is doped into a separate band within the emissive regioji, and wherein at least one of 
10 the emissive dopants emits ii^ by phosphorescence. 

2. The device of claim 1, wherein the oombioed emissioo of the phtrality of emissive dopants 
sufficiently spans the visible spectrum to give a white emission. 

IS 3. The device of claim 1, whereto the combined emissionhas a color rendering index of at 
least about 80. 

4. The device of claim 1, wfaerdn each emissive ckipant emits by phosphorescence. 

20 5 The device ofclaim 4, wherdn the eomssive dopants are phosphorescent ofganometaSic 
compounds. 

6. The device of claim 4, wherein the emisive dopants are arranged in the older of h^est 
triplet energy, intermediate triplet energy, to lowest triplet energy. 

25 

7. The device of claim 4, wherein the emisive dopants are arranged in the order of highest 
triplet energy, lowest triplet energy, to intennediate triplet energy 

8. The device of claim 1, wherein at teast two of the bands comprising the emissive r^ion are 
3 0 separated by an exciton UocJcintg layer. 

M 
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9. An oi^anic light eiiutttqgdevk«coinpnsii« 

an anode; 

a hole transpordDg layeii 

an emissive region 

an electron transporting hyer; and 

a cathode; 

vdMretn the emissive r^ioQ is comprised of a host material and a plurality of emissive 
dopants, and iwtierein the emissive region is con^rised of a phirality of bands and each 
emissive dopant is doped into a separate band within the emissive region, and wherein at least 
one of the emissive dopants emits light by phosphorescence. 

1 0. The device of daim 9, wdiereia the corobioed emission of the plurality of emissive dopants 
sufficiently spans the visible spectrum to give a white anission. 

1 1 . The device of claim 10, wherein the combined emission has a color rendering index of at 
least abotit 80. 

12 The device of claim 9, wherein each emissive dopant emits by phosphorescence. 

13. The device of claim 1 2, wherein the emissive dopants are pho^borescent orgaiXMnetalKc 
compounds. 

14. The device of chim 1 2, wherein the embJye dopants are arranged in the ord^ of highest 
triplet energy, iidennediate triplet energy, to lowest triplet energy. 

15. The device of claim 12, wherein the enusive dopants are anviged in the onler of l^te 
triplet energy, lowest tr^Iet energy, to tntennediate lrq>let mergy. 

16. The device of claim 9, wherein at feast two of the bands conqmsing the emissive regioQ 
are sepvitted by an «cciton blockiqg layer. 
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17. The de/tce of claim 9, wherein the device further comprises an exciton blocking layer. 
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Figure 13. 
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Figure 14. 
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Figure 15. 
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Figure 16. 
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